A minimum value in the Dissolved Oxygen distribution of two shallow lakes namely, Rabindra Sarobar in south Kolkata and Subhas Sarobar in East Kolkata in the Gangetic Delta plain, has been observed to develop in the Hypolimnion during the stratified period. This minimum is usually explained by the accumulation of organic matter from the overlying layer of water. The introduction of organic matter from allochthonous and autochthonous sources is also a likely contributor to the accelerated oxygen depletion within Hypolimnion. The thermal stratification, in general, which occurs in these tropical lakes, is of direct relevance in maintaining the water quality standards, particularly for higher aquatic life. The present article attempts to investigate the possible depletion of hypolimnetic oxygen depletion as a result of the impact of thermal stratification. These investigations will be the basic guidelines for the fishermen and their livelihoods potentially depend upon the different varieties of fishing on daily basis.
Introduction
Understanding of the transport mechanisms in tropical lakes are now-a-days an important and essential aspect in the study of water quality and the sustenance of aquatic life (Samal et al. 2009; Samal et al. 2010; Joehnk et al. 2001; Samal and Mazumdar 2005b) . The seasonal development of the thermal stratification in lakes/waterbodies is an indicative of vertical mixing processes which are central to the understanding of the transport of nutrients, dissolved oxygen and other parameters characterizing water 2Sustainability, Agri, Food and Environmental Research 2(1): [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] 2014 . ISSN: 0719-3726 quality (Peeters et al. 2002; Samal, 2004) . Water quality deterioration (Biswasroy et al. 2012c ) and its impact on sustenance of aquatic life in the freshwater lakes develops a basis for the quantification of vertical mixing processes that govern not only the thermal structure but also the nutrient exchanges, and more generally the distribution of dissolved oxygen between the different parts of the lake (MacIntyre et al. 2010; Goudsmit et al. 2002; Peeters et al. 2007; Samal et al. 2012) . This becomes important if the lake is stratified. In such a case the euphotic zone where the phytoplankton grows is essentially a zone of oxygen and organic matter production and of nutrients consumption (Livingstone and Imboden, 1996) .
On the other hand, organic matter is decomposed and oxygen is consumed, whereas nutrients are redissolved in deeper layers (Samal et al. 2004b) . Assessing the exchanges between these two areas is important because they influence the tropic organization of the ecosystem. In depth physical description of the hydrodynamics, is therefore, a necessary prerequisite in the understanding of freshwater ecosystems as physical, chemical and biological processes interact in several ways and at various timeand spatial-scales (Bonnet, M.P. et al. 2000) . The open discharge of various kinds of wastes to urban lakes is the major source of large scale contamination , which makes these urban lakes unfit for the major use for urban people and the ecosystem as well. Further, the tropical storm drives external sources of contaminants through surface runoff and sudden drop in air temperature and water temperature in lakes weakens the water column stability (Klug et al. 2012 ) and mixes the whole water column into an isothermal condition. However, the development of the dissolved oxygen minimum in the hypolimnion zone in both the Rabindra Sarobar and Subhas Sarobar is usually attributed to the settling of organic matter from the overlaying water followed by accelerated dissolved oxygen consumption within this restricted layer. The duration of stratification and other dependent metrics are needed to be estimated using a model study (Samal et al. 2009; , which substantiates the time window for the oxygen depletion in the water column. Though various one dimensional (vertical) deterministic water quality models are developed, the most simplified hydrothermal models are the recent concern of many researchers to verify, test and compare those models for better prediction of hydrothermal indices under the hydrological induced climate change conditions (Yao et al 2014) . The present article attempts to investigate the possible depletion of hypolimnetic oxygen depletion as a result of the impact of thermal stratification. These investigations will be the basic guidelines for the fishermen and their livelihoods potentially depend upon the different varieties of fishing on daily basis.
The massive summer fish kills in these lakes is a major devastating happenings that is reported by the fishermen and also it is well evident from our experimental observations. Keeping in view the socieoeconomic status of these large numbers of fishermen and their dependency, these study necessities the 2Sustainability, Agri, Food and Environmental Research 2(1): 13-30, 2014. ISSN: 0719-3726 15 investigations of the hydrodynamics of the lakes (Biswasroy et al. 2010; 2012a; 2012b) . The investigations of the impact of thermal stratification in these tropical lakes will give a broad idea about the sustenance of higher aquatic life forms (i.e. fish), which is very much essential for meeting the livelihoods of these large number of fishermen. The comparison of the biodiversity of these two lakes is also attempted in the present paper.
Material and Methods
Site description: The study has been carried in the Rabindra Sarobar (Basin-K) in South Kolkata and Subhas Sarobar in East Kolkata (Figure 1) during the peak summer time (May 2003) . The limnological details of these lakes are described in Table 1 . The major basins of lake, Rabindra Sarobar (basin-K) and the lake, Subhas Sarobar are morphometrically different and the hypsographic curve, which is a graphical representation of the relationship of the surface area (i.e. water surface area) of a lake to its depth and the volumetric curve, 2Sustainability, Agri, Food and Environmental Research 2(1): 13-30, 2014. ISSN: 0719-3726 19 which represents the relationship of water volume of the lake to depth, are illustrated in Figure 2 and Fishing in these lakes is the major livelihood support for a large number of fishermen. Everyday fishermen used to catch fishes and sale them in the market. The detailed quantifications of the fishes and the variety of fishes are not available and still under investigations. Both the lake is under the administrative control of Kolkata Improvement Trust.
Sampling procedure: in any water quality study, sampling is crucial with regards to mode of collection (i.e. time, location, depth of water, etc.). The observation sites are selected considering the maximum water depth along the mid-reach (Station-I, II & III) and considering the less human intervention of water of the Lake, to study the thermal stratification. The water depths of these stations are more or less variable. The water temperature and Dissolved Oxygen (DO) have, however, been measured using a WTW DO meter along the depth at an interval of 0.5 m below the water surface. The concentration of Biochemical Oxygen Demand (BOD) has been estimated at the same depth in the water analysis laboratory of School of Water Resources Engineering following the standard method of APHA (1989) . The water samples have been collected from these specific sites in the Rabindra Sarobar on 22.05.2003 and in the Subhas Sarobar on 28.05.2003 by a water sampler having capacity one litre separately for each site, which is locally made and specially designed by the School Water Resources Engineering, Jadavpur University. The samples after collection have been stored in the deep freeze to avoid any microbial decomposition. The biological parameters such as, phytoplankton, rate of primary production, and diversity and abundance of zooplankton in these lakes are also determined using the biological methods.
Results and discussion
Morphometric variation between these two urban shallow lakes: the hypsographic curve and the volumetric curve of this two basins fits well to the polynomial form and the variation of volume along the depth is same, which is characterised by the correlation between the depth and volume (99 %). The 2Sustainability, Agri, Food and Environmental Research 2(1): 13-30, 2014. ISSN: 0719-3726 20 area-volume relation in the basin -K shows a better fit to the polynomial form, while in the basin -N, the area-volume is favoured by a power function, and the correlation factor in both the basin is same (97 %) for the different area-volume in the lake. The volume remains almost constant below the depth of 4.5 m from the water surface. The hypsographic and volumetric curve for Subhas Sarobar is shown in Figure 3 .
Here the hypsographic and the volumetric curve also fit well to the polynomial form and the correlation between area-depth and volume-depth in the lake is 99 %. The area-volume relation follows the power function and its correlation is also 99 %. This waterbody has been leased to the Department of Fisheries of Government of West Bengal for commercial purposes e.g. angling.
These better correlations in area-depth, volume-depth and area-volume in these three morphometrically different lakes may be explained by saying that volume also holds information about the lake surface, as it is calculated by multiplying the lake surface area by mean depth, and because wind effects are mainly controlled by lake surface dimensions, which induces vertical mixing along the vertical depth direction and volume integrates all influences on thermal stratification and heat content, coming from both inside (morphometry) and the outside.
Vertical distribution of physico-chemical parameters: depth-wise studies of physico-chemical parameters in the selected observation sites along the mid-reach of the lake revealed a distinct change in value giving rise to the important hydrodynamical events occurring in shallow/deeper lakes in this tropical climate. The thermal stratification is the result of energy exchanges between water and the surrounding environment, particularly the atmosphere. The most important energy source is solar radiation, which is absorbed directly by the water mass, except for rather a small quantity that is reflected by the liquid surface (Barbanti et al. 1981) . The ways by which heat is transported from the lake surface into the water mass are controlled by both external (Particularly, wind, the main driving variable behind any movements in Lakes) and by internal factors such as Lake shape, size and particularly the depth (Samal et al. 2008 ). Depth is one of the most important characteristics of a Lake, because on it depends the proportion of the lake's volume, which receives solar radiation. The heat provided by this determines any thermal stratification and stability of the Lake. The rate of oxygen depletion in the hypolimnion zone is extremely high in case of Subhas Sarobar as compared to Rabindra Sarobar which is consistent with the high value of BOD, as observed to be maximum (13.7 mg/l) and minimum (10.9 mg/l) at station-IIB & IIIB for Rabindra Sarobar and maximum (26.1 mg/l) and minimum (24.2 mg/l) at station-IB & IIIB for Subhas Sarobar. Again the DO concentration exhibits a good negative correlation with BOD value at all the stations as detailed in Table 1 -6. The hypolimentic loss of dissolved oxygen is resulted primarily due to biological oxidation of organic matter reaching from the upper zone (epilimnion) of the lake thus enriching the hypolimnion with high amount of nutrients (Mazumdar, et al. 2007 ). The rate of oxidation probably increased in the vertical direction due to gradual decrease in the water volume and more pronounced at the sediment-water interface, a zone of higher bacterial decomposition with production of reducing components like CO2, H2S etc. that lowered the pH of the medium, which is an indication of organic pollution (Wetzel, 1983) .
The percentage of oxygen saturation (% DO) at the surface is found to be maximum (98.6 %) at station-IIIB and minimum (84.7 %) at station-IB in the Rabindra Sarobar while for Subhas Sarobar it is maximum (91.8 %) at station-IB and minimum (85.2 %) at station-IIIB. Thus both the waterbody remained under-saturated with dissolved oxygen during our observation period indicating that the oxygen will diffuse into water in proportion to the oxygen deficit. Diffusion oxygen losses and gain can also be quite substantial, especially at windy sites when DO values are substantially different from 100 % saturation. The spatial and temporal variation in the hypolimnion thickness indicates a warning for the aquatic species to look for oxygenated rich environment. As observed from the temperature and oxygen profile (Figure 3-8) , the rate of oxygen consumption is rapid in the thermocline zone due to high temperature gradient and contribute to the development of minimum DO and is continued through out the summer and fall and persisted until thickening of the mixed layer destroyed it in early winter. Low 2Sustainability, Agri, Food and Environmental Research 2(1): 13-30, 2014. ISSN: 0719-3726 25 value of DO can not enhance other chemical oxidation processes in the band of hypolimnion, resulting in increasing the toxicity of the water and the water quality becomes unfit for the sustenance of the aquatic life in the waterbody. Thus the biomechanisms scale maintaining the foodchain (Phytoplankton  Zooplankton  Small fish  Large fish) is hindered, whereby the whole aquatic ecosystem is under threat and the system is an almost endless chain or circle fueled by solar energy trapped in photosynthesis. The assimilation efficiency of the self-sustaining ecosystem is reduced and is highly seasonally variable (Samal et al. 2004a ).
In fish culture, the tolerable limit of DO has been prescribed as 40 % saturation level or 3.0 mg/l whichever is the higher in the medium (Samal et al. 2004; Samal et al. 2010) . The DO value is found to drop below 1.0 mg/l at station-IB, IIB from depth of 3.5 m to the bottom and at station-IIIB from depth of 2.5 m to the bottom in the Subhas Sarobar, which accounts for a sudden fish die off. The depletion of dissolved oxygen in the hypolimnion and the variability in water column temperature may be highly dependent (Samal et al. 2004a) and the variability over time series is an indicator of climate change both in tropical and temperate weather conditions (Pierson et al. 2013; Samal et al. 2013 (Mukherji and Nandi, 2004) . Mukherji and Nandi (2004) The cycling of oxygen levels in aquatic ecosystems is a natural process, and usually follows some seasonal pattern. Fish kills have been recorded during our observation period in the Subhas Sarobar. The influx of nutrient and sediment from allochthonous and autochthonous sources has contributed to a greater potential for fish kills. So it is very important to take an depth-integrated approach to describe the lake stratification, which creates a thermal/density barrier to oxygen transfer between the epilimnion and hypolimnion of a lake, thus inhibiting reoxygenation of hypolimnetic waters. The dissolved oxygen curve for both the lake give an indication of the inherent relationship between DO and temperature and is known as the clinograde curve, characteristic of eutrophic lakes, which shows decreasing DO levels with depth and is indicative of hypolimnetic DO depletion.
The long-term solution to this problem is to reduce the quantity of nutrients finding their way into waterbodies to a level that does not disturb their ecological balance. Methods used most often include air and water pumps, or mechanical agitation can be implemented to prevent or reduce the 2Sustainability, Agri, Food and Environmental Research 2(1): 13-30, 2014. ISSN: 0719-3726 27 effects of a dissolved oxygen fish kill. The most effective means of reducing fish kills is to educate the fishermen and hunters. This can go a long way to minimize the nutrients and other chemical constituents of stormwater that contribute to low dissolved oxygen. Thus in order to keep a healthy condition for the growth of the higher aquatic life forms (i.e. fish) in Rabindra Sarobar and Subhas Sarobar, a regular Dissolved Oxygen monitoring is to be carried out. An understanding of the basic physical, chemical and biological processes involving oxygen dynamics and the response of the stratification to fish is required for manipulation of environment to favour greater production and the sustenance of ecosystem.
However, lack of long-term time series limnological data further imparts the need of large scale hydrodynamics study both in measurement and modeling scale in these lakes.
